ABSTRACT: We present a sensor that exploits the phenomenon of upconversion luminescence to detect the presence of specific sequences of small oligonucleotides such as miRNAs among others. The sensor is based on NaYF 4 :Yb,Er@SiO 2 nanoparticles functionalized with ssDNA that contain azide groups on the 3′ ends. In the presence of a target sequence, interstrand ligation is possible via the click-reaction between one azide of the upconversion probe and a DBCO-ssDNA-biotin probe present in the solution. As a result of this specific and selective process, biotin is covalently attached to the surface of the upconversion nanoparticles. The presence of biotin on the surface of the nanoparticles allows their selective capture on a streptavidin-coated support, giving a luminescent signal proportional to the amount of target strands present in the test samples. With the aim of studying the analytical properties of the sensor, total RNA samples were extracted from healthy mosquitoes and were spiked-in with a specific target sequence at different concentrations. The result of these experiments revealed that the sensor was able to detect 10 −17 moles per well (100 fM) of the target sequence in mixtures containing 100 ng of total RNA per well. A similar limit of detection was found for spiked human serum samples, demonstrating the suitability of the sensor for detecting specific sequences of small oligonucleotides under real conditions. In contrast, in the presence of noncomplementary sequences or sequences having mismatches, the luminescent signal was negligible or conspicuously reduced.
INTRODUCTION
In recent years, the advances in deep sequencing techniques have facilitated the discovery of the presence of noncoding nucleic acids, such as microRNAs (miRNAs), small-interfering RNAs (siRNAs), and Piwi-interacting RNAs (piRNAs), involved in the regulation of gene expression, modulating protein production, 1, 2 and lately used as biomarkers for different diseases. Furthermore, these biomarkers appear at the very beginning of the disease, facilitating early diagnostics. 3, 4 Among them, miRNAs are the best known due to their potential role as biomarkers in cancer, cardiovascular diseases, 5, 6 as well as in many viral infections such as HIV-1, 7 Ebola, 8 and so forth. Other small RNAs like piRNAs, small nucleolar RNAs, and small nuclear RNAs are also gaining support as biomarkers for male infertility 9 or for viral infections like that produced by DENV2. 10 However, in most cases, proper diagnosis of disease requires the analysis of multiple sequences (multiplexing) by qRT-PCR or next-generation sequencing, limiting its application to wealthy regions as these techniques require specific labs, trained personnel, and expensive reagents. In addition, these techniques are time consuming and difficult to apply as a screening tool, especially in developing countries. These drawbacks have prompted scientists to investigate alternative methods that could be used as screening tools in the detection of these oligonucleotides without the requirement of enzymatic transcription and amplification. Among the new technologies, the use of molecular beacons based on upconversion nanoparticles has opened the possibility to create highly sensitive systems capable of analyzing the presence of these oligonucleotides at extremely low concentrations in a fast, cheap and easy way. 11−18 These systems exploit the use of lanthanide-doped nanoparticles, which can absorb two or more low energy photons and emit one at higher energy. 19, 20 In addition, these nanoparticles have interesting photoluminescent properties, like high photostability, the absence of blinking and photobleaching, along with large anti-Stokes shifts, which allow the creation of robust analytical systems with low backgrounds and high signal-tonoise ratios. 19,21−26 Furthermore, the narrow emission bands exhibited by these nanoparticles and the possibility to tune their emission wavelengths make them ideal candidates to be used for multiplexed analytical systems 27−29 in immunoassays (ULISA) 30 where the upconversion nanoparticles (UCNPs) are linked to antibodies or aptamers 25 as reporters. In these analytical systems, the target and the functionalized UCNP are captured on a solid support giving a signal proportional to the amount of target. The high affinity and specificity between the UCNPs and the targets yield highly thermodynamically stable complexes, which allows stringent cleaning processes of the capture-surface that permit washing away of any nonspecifically physisorbed UCNPs. This yields low detection limits comparable to those obtained by enzymatic amplification techniques like ELISA. However, when this strategy is applied to the detection of small oligonucleotides, like miRNAs (20−30 bp), a major problem related to the low thermodynamic stability of the complexes prevents the use of stringent cleaning steps, which in turn hampers target detection.
In this work, we present an analytical system that allows the detection of oligonucleotides (RNA or DNA) on a solid support, which is based on ssDNA functionalized NaY-F 4 :Yb,Er@SiO 2 nanoparticles that contain azide groups on the 3′ ends. In the presence of a target sequence, an interstrand ligand reaction occurs via a click-reaction between an azide of the upconversion probe and a DBCO-ssDNA-biotin probe present in the solution. As a result of this specific and selective reaction, biotin-functionalized upconversion nanoparticles are produced. After that, the biotin-functionalized upconversion nanoparticles are selectively captured on a streptavidin-coated surface, producing an upconversion emission intensity that is proportional to the target concentration present in the sample. The validity of the system was checked using samples containing total RNA extracted from mosquitoes or human name  sequence   probe 1  5′ NH 2 -C(6)-TTTTT-TT-GTA-TAT-TTA-TA-N 3 3′  probe 2  5′ DBCO-A-CAT-AGT-TGT-ACG-TTTTT-Bio-teg 3′  targets  *DNA 5′ CGT-ACA-ACT-ATG-TTA-TAA-ATA-TAC-AA 3′  *RNA 5′ CGU-ACA-ACU-AUG-UUA-UAA-AUA-UAC-AA 3′  one mismatch (lateral)  5′ CGT-AAA-ACT-ATG-TTA-TAA-ATA-TAC-AA 3′  one mismatch (middle) 5′ CGT-ACA-ACT-ATG-TCA-TAA-ATA-TAC-AA 3′ three mismatches 5′ CGT-ACA-ACT-ATT-CCA-TAA-ATA-TAC-AA 3′ noncomplementary 5′ CAG-AAG-UCA-GGU-CGG-AUU-AAG-CC 3′ Scheme 1. Schematic Illustration of the Chemical Route for the Synthesis and Functionalization of NaYF 4 :Yb,Er@SiO 2 -DNA-N 3 Nanoparticles
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Research Article serum samples that have been doped with a synthetic sequence that appears in the small subunit ribosomal RNA of the Plasmodium falciparum and which was used as a target model. The result of these experiments demonstrated an exceptionally low detection limit close to 1 × 10 −17 moles per well (100 fM). The simplicity and potential of the presented system could allow its use as a screening tool for multiple RNA or DNA sequence analyses.
MATERIALS
Methanol (99.9%), n-hexane (95%), N,N-dimethylformamide anhydrous (99.8%), tetraethyl orthosilicate (99.999%), polyoxyethylene (5) nonylphenylether branched (IGEPAL CO-520), ammonium hydroxide solution (30%), (3-aminopropyl)triethoxysilane (99%), succinic anhydride (99%), Bionic buffer 10× concentrated, HEPES 99.5%, NaCl BioXtra 99.5%, dimethyl sulfoxide 99.9%, N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (99%), and N-hydroxysulfosuccinimide sodium salt (Sulfo-NHS) (98%) were purchased from Sigma-Aldrich and used as received. The modified DNA sequences NH 2 -ssDNA-N 3 probes 1 and 2 were purchased from ATDBio. The target strands and the noncomplementary strands were acquired from Invitrogen. The mismatch strands were acquired from Integrated DNA Technologies. A complete description of the sequences is given in Table 1 . Streptavidin-coated well-plates (UniverSA96) were purchased from Kaivogen (Turku, Finland).
CHARACTERIZATION
Transmission electron microscopy (TEM) analyses were carried out using a JEOL JEM 1010 operated at 80 kV coupled with a digital camera GATAN MegaView II. High-resolution TEM (HRTEM) studies were performed in a JEOL JEM 2100 operated at 200 kV with a digital camera GATAN CCD Orius SC1000. Z-potential experiments were carried out using a Malvern Nano-ZS. Thermogravimetric experiments were performed using a TGA/DSC-1 (Mettler-Toledo) working under an air atmosphere. The upconversion emission spectra were collected from the well-plate using a homemade system as depicted in Scheme 2C. The light beam from a 3 W CW laser (MDL-H-980-3W) working at 980 nm was transmitted through a 200 μm core fiber, which was coupled to a collimator lens. Then, the laser beam was reflected toward the well-plate using a short-pass dichroic mirror (Thorlabs DMSP950R) and focused on the sample using a 10× objective. The upconversion luminescence coming from the well-plate passed through the short-pass dichroic mirror and through a short-pass filter (Thorlabs FES900), which blocks the excitation wavelength. A collimator lens focused the light into an optical fiber that goes to the spectrometer Glacier X (B&W Tek).
EXPERIMENTAL SECTION
The synthesis of the upconversion nanoparticles and their functionalization was carried out using sequential steps that are described in detail within the Supporting Information. Scheme 1 summarizes the chemical route followed to obtain the upconversion nanoparticles.
RESULTS AND DISCUSSION
5.1. Particle Preparation, Characterization, and Functionalization. The synthesis of the fluorescent nano- 
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Research Article particles afforded monodisperse nanoparticles with a mean diameter of 36 ± 3 nm, as obtained from the TEM micrograph (see Figure 1A ). X-ray energy dispersive spectroscopy analysis ( Figure S1A ) gave a composition of NaY 0.792 F 4 :Yb 0.189 ,Er 0.019 while the X-ray diffraction pattern of the particles ( Figure S1B ) demonstrated that they can be indexed to the hexagonal phase. In Figure 1B , one can observe a thin and homogeneous layer around each nanoparticle with a mean thickness of 7 nm, which was the result of the silica deposition reaction. Figure 1C ,D depicts an HRTEM photograph of a NaYF 4 :Yb,Er@SiO 2 , nanoparticle, showing its crystalline structure in contrast with the amorphous silica shell. The silica layer confers hydrophilic behavior to the nanoparticles and permits their dispersion in aqueous media, as well as being a functional platform for their successive functionalization with ssDNA, as depicted in Scheme 1. A complete description of the nanoparticle functionalization and characterization is given in the Supporting Information. Figure S1C shows the upconversion luminescence spectrum of the NaYF 4 :Yb,Er@SiO 2 nanoparticles under excitation with a 980 nm CW laser. We observed two green emission peaks near 525 and 545 nm due to the 2 5.2. Well-Plate Signal Detection and Protocol Optimization. 5.2.1. Interstrand Ligand Reaction. The sensor is based on a hybridization process that renders an interstrand ligand reaction between the NaYF 4 ;Yb,Er@SiO 2 -ssDNA-N 3 strand (probe 1) and the DBCO-ssDNA-biotin strand (probe 2). This hybridization requires the presence of a target sequence, which acts as splint strand bringing the probes 1 and 2 closer, yielding the strain-promoted alkyne−azide cycloaddition (SPAAC) reaction, 31 as seen in Scheme 2. This process permits in a subsequent step the selective capture of the resulting NaYF 4 ;Yb,Er@SiO 2 -dsDNA-biotin nanoparticles on a streptavidin-coated surface. To analyze the performance of the sensor, we computed the intensity of the upconversion emission by integrating the emission spectra around the red band between 640 and 680 nm.
This strategy was designed to provide robustness to the sensor, because, in the absence of the click-reaction, any variation of the physicochemical properties of the media, like temperature or ionic strength, could revert the hybridization process, inducing the separation of probe 2 from probe 1, particularly when targets with low melting temperatures are involved in the hybridization. Therefore, the interstrand ligation stabilizes the incorporation of biotin moieties on the NaYF 4 ;Yb,Er@SiO 2 -dsDNA nanoparticles and permits use of a stringent cleaning process to remove the physisorbed UCNPs 
Research Article without the risk of removing the selectively captured UCNPs. To highlight the relevance of the click-reaction process, we compared the photoluminescence obtained from a system designed to enable the interstrand ligand reaction with another system unable to yield such a reaction (see Figure 2) . In both cases, we washed the solid support with different cleaning protocols.
As one can observe from these experiments, there was a notable reduction of the photoluminescent intensity, when probes 1 and 2 were not able to yield the interstrand ligand reaction. This reduction could be attributed to a denaturalization of the double strands during the solid support cleaning process, which separates probes 1 and 2, washing away the UCNPs from the surface. When the interstrand ligand reaction takes place, probes 1 and 2 are still bound together after denaturalization and therefore remain attached on the well surface. Consequently, the NaYF 4 ;Yb,Er@SiO 2 -dsDNA-biotin nanoparticles with inter-strand that have undergone the interstrand ligand reaction resist the cleaning steps with the buffer at 50°C or with buffer with low ionic strength, which in principle could denaturalize the double strands constituted by the short oligonucleotides. Figure S2 depicts the results when the same experiments were carried out in the absence of target sequences. From these experiments we can observe that the background signals are basically the same and due to nonspecific physisorption.
Binding Kinetic Experiments.
One of the parameters studied to optimize the signal of the sensor was the incubation time required by the streptavidin-coated well-plate to capture the maximum amount of biotin-functionalized nanoparticles. 
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These experiments were performed by measuring the fluorescence signal for three independent samples with a fixed target amount of 10 −12 moles per well (10 nM) and comparing this signal with the one obtained from three blank samples. Figure 3 shows the luminescence signal collected from the streptavidin-coated surface after being incubated with 1 μg of UCNP@SiO 2 -dsDNA-biotin produced by the hybridization of 10 −12 moles of the target and 2 × 10 −12 moles (20 nM) of probe 2. Figure 3A shows the increment of the luminescence signal as a function of time, reaching a plateau after 120 min. The time evolution of simple receptor−ligand interactions is usually described by a single exponential process with an observed rate constant k obs that depends on the kinetic parameters, that is, the association (k on ) and dissociation (k off ) rate constants, and the ligand concentration (C), so that k obs = k off (C/K d + 1). 32 By fitting our data to an exponential function, we obtained a value of the rate constant of k obs = 3.8 × 10
, which means that the half-time of the equilibrium reaction is nearly 30 min. Assuming an equilibrium dissociation constant of K d = K off /K on = 10 −12 M, 33 and a ligand concentration of 10 −10 M, the calculated k on and k off values for our system would be 3 × 10 6 M −1 s −1 and 3 × 10 −6 s −1 , respectively. These values are similar to the ones found in other works. 34 Figure 3A also shows the signal obtained from the blank samples (background signal), which increases linearly with time (red line). Therefore, specific and nonspecific interactions exhibit different kinetics, which must be taken into account to optimize the system. For this reason, we analyzed the time evolution of the signal to background ratio and the result is shown in Figure 3B . We can observe that the signal to background ratio reaches a maximum value of 15 after 120 min (see red line). However, the signal-to-noise ratio (S/N = average signal/standard deviation of the blank) obtained from the measurements also reaches a plateau with a value of 140 after 120 min, as depicted in Figure 3B (black line). As a result of these kinetic experiments, we decided to use an incubation time of 120 min for all experiments.
5.2.3. Sensor Calibration. Figure 4A shows the red upconversion emission spectra collected from the multiwellplates for different concentrations of target sequence. Here, we can see that the intensity of the emission spectrum collected from the multiwell-plate gradually increases with the amount of complementary target sequence added during the hybridization step. This result indicates that the presence of higher amounts of target sequences yields more biotin-functionalized UCNPs that can be captured on the streptavidin-coated wells during the incubation process. We computed the intensity of the upconversion emission by integrating the emission spectra around the red peak. The result versus the target concentration is shown in Figure 4B in a log−log plot demonstrating the feasibility of our sensor. Each point of this graph was obtained averaging the luminescence intensity of 10 different positions at each well from three independent samples; the shown intensities are blank subtracted.
As one can observe, the emission intensity collected from the well-plate roughly follows a straight line in the log−log plot of Figure 4B . From these data, we obtain the relative sensitivity changes with target concentration as S r (%/moles per well) = 30/C target , which means a relative sensitivity of 0.3%/attomoles per well for a target concentration of 10 −16 moles per well. The sensor shows high sensitivity and a large dynamic range, which spans over 4 orders of magnitude. Also, the blank value obtained was 950 counts/s nm with a standard deviation of 120 counts/s nm. This result defined the lowest target concentration (limit of detection, LOD) that the system can detect, which is close to 10 −17 moles per well (100 fM). The LOD was calculated as 3-fold the standard deviation of the blank value.
With the aim of evaluating the specificity of the sensor, we analyzed the fluorescence signal in the presence of different amounts of total RNA obtained from healthy mosquitoes but in the absence of target sequences. This experiment can give us an idea about the proportion of true negatives identified as such under different amounts of total RNA. The results are presented in Figure 5A . Here, one can observe that independent of the amount of total RNA, the signal of the sensor is constant with an average value of 830 ± 102 counts/s nm, which is close to the background obtained in the absence of total RNA (950 ± 120 counts/s nm). This result 
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In addition, the capacity of the sensor to discriminate between target sequences and mismatched sequences was also studied. Figure 5B represents the upconversion emission obtained after hybridizing 1 μg of upconversion nanoparticles in the presence of 2 × 10 −12 moles per well of biotinfunctionalized probe 2 with 10 −12 moles per well of different sequences: full complementary target sequences (Target), a sequence containing a single mismatch in the middle of the strand (MS1), a sequence containing three mismatches in the middle of the strand (MS2), a sequence containing a single mismatch in the first quarter of the strand (MS3), noncomplementary sequences, and in the absence of target sequences (BCK). Scheme 3 illustrates the different mismatch sequences used in this experiment.
These experiments show that when the particles were hybridized with sequences that have a single mismatch placed on the center of the strand (MS1), the sensor signal decreases slightly with respect to the signal obtained with full complementary targets (see Figure 5B ). This small reduction of the signal intensity could be attributed to the small hampering that this single mismatch introduces in the 3′ end of probe 1. In contrast, when the particles were hybridized with a sequence that has three mismatches located on the center of the strands (MS2), the signal decreased conspicuously due to the hybridization hindrance that under this scenario affects the 3′ and 5′ ends of probes 1 and 2, respectively. Finally, when the sensor was tested against a sequence that has a single mismatch that affected its hybridization with the central part of probe 2 (MS3), the signal obtained by the sensor was similar to those obtained with the noncomplementary sequences and blank, indicating that this mutation could completely hamper the 
Research Article incorporation of the biotin moiety on the surface of the UCNP, which is the base of the sensor. These results demonstrate that the proposed sensor exhibits a selectivity that is dependent on the position of the mismatch.
Furthermore, the analytical properties of the system were studied by analyzing samples containing 100 ng of total RNA spiked with different amounts of target strands. As expected, we observed an increment of upconversion emission when the concentration of the target sequence was increased (see log− log curve of Figure 5C ). In this case, the relative sensitivity is slightly lower with Sr of 20/C target %/moles per well, which means a sensitivity of 0.2%/attomoles per well for a target concentration of 10 −16 moles per well. The small variation in the sensitivity of the sensor could be related to the high amount of total RNA added in the sample that somehow hampers the hybridization process, reducing the number of biotin-functionalized UCNPs. Nevertheless, under this condition, the sensor can detect the presence of small oligonucleotides with a LOD close to 10 −17 moles per well (100 fM). Finally, we studied the analytical properties of our sensor in the presence of human serum. For that, different serum samples obtained from humans were spiked with varying amounts of target containing small oligonucleotides and were analyzed without sample pretreatment. The result of these experiments is shown in Figure 5D . Here, one can observe that the system was able to detect the small oligonucleotides in the serum samples, with a LOD of around 10 −17 moles per well, showing the capacity of the proposed sensor to work with raw samples, facilitating the measurement and reducing the cost that would involve the use of RNA extraction kits.
All of these results reveal that the detection limit of the proposed sensor is in the range of 10 attomoles per well (100 fM), indicating the potential of the proposed sensor to detect extremely low amounts of target sequences. This LOD is significantly smaller than the one found in other sensors based on the solid phase, which are summarized in Table 2 .
CONCLUSIONS
In this work, we have synthesized upconversion nanoparticles conveniently functionalized with ssDNA strands to create a sensor able to detect the presence of specific target sequences on a solid support. The LOD of the proposed sensor was around 10 −17 moles per well and the relative sensitivity at this target concentration was around 0.3%/attomoles per well. The signal produced by the sensor upon hybridization with sequences that have mismatches or noncomplementary sequences was significantly smaller than the one obtained for the full complementary sequence at the same concentration. Finally, spiked-in samples were prepared by adding different amounts of a synthetic target sequence in samples containing 100 ng of total RNA extracted from healthy mosquitoes or human serum samples. The results of these experiments demonstrate the capacity of the sensor to detect the target sequence with high selectivity and sensitivity. In addition, its capacity to directly detect the target sequence in serum samples demonstrates its suitability to be used as a low cost point-of- 
